The geodynamic development of the north-western (Arctic) margin of the Siberian craton is comprehensively analyzed for the first time based on our database as well as on the analysis of published material, from Precambrian-Paleozoic and Mesozoic folded structures to the formation of the Mesozoic-Cenozoic Yenisei-Khatanga sedimentary basin. We identify the main stages of the region's tectonic evolution related to collision and accretion processes, mainly subduction and rifting. It is demonstrated that the prototype of the Yenisei-Khatanga basin was a wide late Paleozoic foreland basin that extended from Southern Taimyr to the Tunguska syneclise and deepened towards Taimyr. The formation of the Yenisei-Khatanga basin, as well as of the West-Siberian basin, was due to continental rifting in the Permian-Triassic. The study describes the main oil and gas generating deposits of the basin, which are mainly Jurassic and Lower Cretaceous mudstones. It is shown that the Lower Cretaceous deposits contain 90% of known hydrocarbon reserves. These are mostly stacked reservoirs with gas, gas condensate and condensate with rims. The study also presents data on oil and gas reservoirs, plays and seals in the Triassic, Jurassic and Cretaceous complexes.
Introduction
The structures of the north-western margin of the Siberian craton have attracted the attention of geologists for over a hundred years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and many others. The earliest and most essential questions on the study area are: (a) How did the Taimyr-Severnaya Zemlya folded area form-a key structure of the Artic, and is it a part of the Siberian craton; (b) what are the sequence and stages of its formation, how is the formation of this folded area related to the formation of the Yenisei-Khatanga basin; (c) what serves as the basement for the latter. V.E. Khain wrote in his book "Tectonics of continents and oceans" (2001) [3] : "There is no doubt that the basin and the rift that generated it were emplaced within the Siberian craton, and that its territory has the same platform cover, since it also is present in Southern Taimyr. At the same time, it is supposed that in the zone of the Mesozoic basin there was a Riphean rift, and the Permian-Early Triassic rifting was preceded by arched uplift" [3] (p. 228). The significant remoteness of these structures, harsh climate conditions, minuscule amounts of geostructural, geochronological, geophysical investigations, and even less drilling works prevented researchers from building a noncontradictory model for the formation of this segment of the Earth's lithosphere. Nonetheless, the interest in this region began to rise in the last decades. This was due to the need to estimate the oil and gas potential of this territory and to the discovery of the first seeps and deposits of petroleum, even though the Yenisei-Khatanga basin definitely does not have the same resource potential as its huge neighbor-the West Siberian basin [16] .
In this paper we present our point of view on the geodynamic history of the north-western margin of the Siberian craton and the formation of the Yenisei-Khatanga basin. Our reconstructions generalize our own results obtained during many years of studies of the various geological structures of the Taimyr Peninsula and the Severnaya Zemlya Archipelago, as well as a body of modern geological, geophysical, geodynamic, paleomagnetic and petro-geochemical data. This includes materials of seismic surveys and drilling data in the Yenisei-Khatanga basin.
The Yenisei-Khatanga basin is located in the north-western part of the margin of the Siberian craton (Figures 1 and 2 ). It extends for 900 km from the Gydan Bay of the Kara Sea in the west to the Khatanga Bay of the Laptev Sea in the east. From the north, the basin is bordered by the Byrranga Mountains of the Taimyr Peninsula, and from the south, by the Putorana Plateau. The maximum width of the basin reaches 450 km. The area of the basin is approximately 300,000 km 2 . The Yenisei-Khatanga basin is a Permian-Cenozoic sedimentary basin dividing the northern margin of the Siberian craton and the Taimyr-Severnaya Zemlya fold-and-thrust belt (Figures 2 and 3 ). The basin was formed above a continental rift of late Permian-Early Triassic age and filled with a 12 km thick sequence of terrigenous Triassic, Jurassic, Cretaceous and Cenozoic deposits. The northern and southern boundaries of the basin are traced along the wedging-out of its deposits [2, 3] . In the western part the basin widens and transitions into the West Siberian sedimentary basin, with which it has a similar geological history. The margin between them is conventionally defined where the sub-latitudinal strikes of structures typical of the Yenisei-Khatanga basin change into sub-longitudinal ones that are typical of the West Siberian plate. In the east, the Yenisei-Khatanga basin is overlapped by the Laptev Sea [3] .
Figure 2.
Tectonic map of the north-western part of the Siberian craton, the Taimyr folded area and the Yenisei-Khatanga basin. Composed using References [5, 6] with additions by the authors. 1-boundary of the Yenisei-Khatanga basin along outcrops of Early Jurassic and younger rocks; 2-Kara microcontinent (a) including metamorphosed and deformed flyschoid passive margin sediments (NP-Є) of the North Taimyr Zone (b); 3-7-the Central Taimyr accretionary belt: 3-gneiss complexes of cratonic terranes with 940-850 Ma granitoids; 4-terranes of carbonate shelves (MP(?)-NP); 5-island arc terranes, ophiolites and plagiogranites (750-630 Ma), and accretionary wedge complexes; 6-molasses (NP), carbonate, black shales, shelf and hemipelagic sediments (NP 3 -C); 7-offshore part of the belt; 8-syncollisional (306-300 Ma) and postcollisional (264-258 Ma) granites; 9-depths of the Siberian craton crystalline basement and of the deformed, mostly Paleozoic rocks within the Yenisei-Khatanga basin and the West Siberian basin; 10-isohypses (depth in km) of the seismic basement roof: (a)-established, (b)-inferred; 11-13-Siberian traps (P 2 -T 1 ): 11-dolerites and their differentiates; 12-alkaline ultramafic rocks and carbonatites; 13-flood basalts and associating volcanogenic-sedimentary deposits; 14-zones of continental rifting and range formation: I-Tanama-Malokhet, II-Rassokhin and III-Balakhnin from [17] ; 15-large faults (a), other faults (b), thrusts and upthrows (c), normal faults (d); 16-sutures with thrust kinematics; 17-coastline and water bodies. Letters indicate named sutures and thrusts: M-Main Taimyr, F-Pyasina-Faddey, P-Pogranichny. Lines AA' and BB' show locations of geological-geophysical sections in Figure 3 . Geological-geophysical sections along lines AA' and BB'. 1-sands and sandstones; 2-sandy-argillaceous sediments; 3-mudstones, and shales; 4-limestones; 5-dolomites; 6-basalts, tuffs, terrigenous rocks (P 2 -T 1 ); 7-folded structure of the crystalline basement Kara microcontinent (shown figuratively); 8-gneiss-granite and granulite-mafic complexes of the crystalline basement; 9-faults; 10-roof of the seismic basement: (a) Established, (b) inferred from indirect data and single observations. Remaining symbols in caption to Figure 2 . Vertical scale is in km.
The main information on the structure of the Mesozoic sedimentary infill of the Yenisei-Khatanga basin comes from seismic surveys and drilling. However, the focus areas of exploration activity including seismic lines and wells, are concentrated in the western part of the basin, which is directly adjacent to the West Siberian petroleum basin (Figure 4 ). Some wells have penetrated the full thickness of the Mesozoic deposits, including the volcanogenic-sedimentary Lower Triassic.
Seismic data, materials from well drilling, and geological analogies with surrounding structures show that the basement of the basin is composed of deformed siliceous-carbonate, carbonate, salt-bearing, terrigenous and terrigenous-volcanic complexes of a wide range of ages from the Mesoproterozoic to the Early Triassic [17] [18] [19] [20] . The thickness of these units is significantly greater than the thickness of the sedimentary infill of the Yenisei-Khatanga basin itself [21, 22] . The formation of these complexes is directly linked to the evolution of the northern margin of the Siberian craton: The change from a passive continental margin setting to an active one in the Neoproterozoic, followed by the formation of the Taimyr-Severnaya Zemlya fold-and-thrust belt in the late Paleozoic, and of the Yenisei-Khatanga rift system in the Permian-Triassic. Significant structural alterations at the Jurassic-Cretaceous boundary, the Paleogene and the Neogene, are also manifested within the Yenisei-Khatanga basin itself. 
Tectonic Evolution of the north-western Margin of the Siberian Craton and the Formation of the Basement of the Yenisei-Khatanga Basin in the Mesoproterozoic-Early Triassic
In the north the Yenisei-Khatanga basin borders to the southern margin of the Taimyr fold belt, and in the south to the northern part of the Siberian craton. Therefore, understanding the geological evolution from the Mesoproterozoic to the Triassic of these adjacent areas that form the basement for the Yenisei-Khatanga basin is highly significant [1] [2] [3] 5, 7] .
According to results of deep seismic sounding, the Moho boundary depth under the Yenisei-Khatanga basin varies from 27-33 km in the central part to 36-38 km under the North-Siberian monocline and to 40-43 km under Taimyr [6, 23, 24] . The crystalline basement is supposedly composed of metamorphic rocks of Archean-Paleoproterozoic age. The depth of the basement surface varies from 6-7 to 12 km in different estimates [5, 21] .
To demonstrate the tectonic evolution of the north-western margin of the Siberian craton we propose our own version of paleotectonic reconstructions ( Figure 5 ) [25] . The reconstructions that span the entire time interval from the end of the Mesoproterozoic to the Early Triassic are based on geological, geochronological, and paleomagnetic data for the territory of the Siberian craton and adjacent structures. These data are analyzed in detail in References [25] [26] [27] [28] [29] . These results take into account published global paleotectonic reconstructions [30] [31] [32] [33] , however, the central place here is occupied by the Siberian craton and the territory of the Yenisei-Khatanga basin. Therefore, some tectonic events in the margin of the craton that are not related to the evolution of the basement of the Yenisei-Khatanga basin are not reflected in our reconstructions. The quantity and quality of paleomagnetic information on the craton and the terranes of its boundaries is not the same for the time slices presented in the figure. Some are well characterized, while others, only in general traits. Nonetheless, the general trends of tectonic development of the region are reconstructed quite clearly. Together with additional geological indicators, this fully compensates the lack of some paleomagnetic data.
According to available geological data and paleogeographic (paleogeodynamic) reconstructions (Figure 5a ), the north-western margin of the Siberian craton was a passive continental margin in the Mesoproterozoic-early Neoproterozoic [5, 6, [34] [35] [36] , as were its western and eastern margins [37] [38] [39] . The composition of Mesoproterozoic deposits, judging from coeval formations of the Siberian craton, was siliceous-carbonate, terrigenous and carbonate, and their thickness reached 2-3 km [17] . Recent common depth point data indicate that the thickness of this sequence in the northern margin of the Siberian craton is up to 12 km ( Figure 6 ). . Seismic-geological section along the common depth point traverse line Norilsk-Kara Sea, modified after Reference [22] . The location of the line is shown on Figure 2 .
However, as early as the early Neoproterozoic, an island arc system started forming near the north-western margin of Siberia, which means the passive continental margin transformed into an active one (Figure 5a-c) [25, 28, 29, [40] [41] [42] [43] . Ophiolite and island arcs continued forming here until the end of the Neoproterozoic in the Chelyuskin and Stanovoy belt (750-730 Ma) and 660 Ma in the Ust-Taimyr belt. Then, during the Ediacaran they accreted and were included into the Siberian craton as the composite Central Taimyr accretionary terrane [44] (Figures 2 and 5d ). The age of this accretion event is substantiated by isotope-geochemical data (Sm-Nd, Rb-Sr, Ar-Ar methods) for garnet amphibolites (606-570 Ma) occurring in the floor of the allochthon in the juncture zone of the Central and Southern Taimyr units [5, 45] . This development stage of the active continental margin ended with rifting on the margin of the continent accompanied by the outpouring of thin trachybasalt and basalt flows, often with pillow and rope jointing, as well as rhyolites and felsites. In addition to these effusive rocks, the section includes corresponding tuffs. Volcanics contain tuff conglomerates, gravelstones, sandstones often with red coloration. Gabbro dikes have been identified intruding the underlying carbonate rocks. Many paleovolcanos have been identified in the axial part of the Central Taimyr zone, in the north-eastern end of Cape Chelyuskin, and Cape Khariton Laptev [4, 46, 47] . The development of the active continental margin ended in deformation of Meso-Neoproterozoic deposits, uplift of the region, and a nondepositional hiatus [39, 48] .
From the Ediacaran to the early Carboniferous the 5-6 km thick sedimentary sequence of the platform cover accumulated on the north-western passive continental margin of the Siberian craton (Figure 5e-g). It is composed of mainly carbonate, carbonate-terrigenous and salt bearing formations (Figures 3 and 6 ). Periodic transitions from shallow marine sedimentation to a continental one caused hiatuses in deposition and washing out of lower deposits, which is indicated by unconformities on various stratigraphic levels. Passive margin complexes are traced in the basement of the Yenisei-Khatanga basin further to the north in the structure of the Southern and Central Taimyr zones [1, 17, [19] [20] [21] 49] . Marine limestones, dolomites, marls, mudstones of the upper Cambrian, Ordovician, and Silurian have been penetrated on the Yenisei-Khatanga basin by the Tochino well (570-2002 m interval) in the south-western part of the basin [18] .
At the same time with the accumulation of shallow marine carbonate and carbonate-terrigenous deposits, in the late Cambrian-Ordovician a deep water (over 750 m) elongated basin began forming between the Central and Southern Taimyr [1, 3] . The axis of this SW-NE oriented basin was located southerly of the suture between the Central Taimyr accretionary terrane and the continent, in the frontal part of the large Pyasina-Faddey thrust. This means that the basin was formed in the front of the Neoproterozoic fold belt that was the result of accretion-type orogeny. In this basin, black graptolite shales accumulated with interlayers of dark bituminous limestones containing pteropod fauna, with a total thickness of 1.3-2.0 km. To the south of the basin, on the shelf, limestones and dolomites were deposited with abundant fauna of brachiopods, gastropods, bryozoans, corals and other shallow water benthic organisms [46] .
During the Silurian and Devonian, the region south of the southern margin of the Taimyr fold belt was occupied by the formation of a Lower-Middle Devonian evaporite salt bearing formation, which was overlain by a carbonate (dolomites, limestones) shallow marine formation accumulated in the north. The position of the deep-water basin did not change, and they were filled with a Silurian black shale formation, and a Devonian argillaceous-carbonate formation. The deep-water basin existed for over 100 million years, and the subsidence ended by the beginning of the Carboniferous.
At the Mississippian-Pennsylvanian boundary there was a transition to mainly shore-marine and continental sedimentation conditions on the Taimyr shelf of the Siberian craton. The reasons for the structural transformation and change from the carbonate sedimentation to a shore-marine and continental one was the change in tectonic setting on the Taimyr margin of the Siberian craton. Zonenshain et al. [7] explained this by the closing of the South-Anyui Ocean that was located between Siberia and the hypothetical Arctida paleocontinent. Pogrebitsky [1] connected the cause of the structural transformation and sedimentation mode change to the Taimyr orogeny, defining the early Permian as its most intense stage. Modern geostructural, petrological, geochronological and paleomagnetic data prove conclusively, that this change in sedimentation was related to the collision of the Siberian continent, including the accretionary structures of the Central Taimyr belt, with the Kara microcontinent [3, 5, 6, [26] [27] [28] 50, 51] . This collision resulted in the formation of a large orogen. It is reflected in the formation of regional metamorphism zonation in the crust of southern margin of the Kara microcontinent ( Figure 5h ) (from the amphibolite to the greenschist facies) that is intruded by syncollisional calc-alkaline granitoids. Their oldest ages correspond to the late Carboniferous-early Permian (306-275 Ma) [41, 51, 52] . In the late Permian (264-258 Ma) postcollisional granite plutons were emplaced in the Central and Northern Taimyr zones [41] forming wide contact aureoles. It is noted that from the end of the Permian period vertical displacements were supplemented with dextral strike-slips and associating thrusts [1, 53] , which is confirmed by our own paleomagnetic research [27] ( Figure 5g ,h).
Transform zones with large displacements, along which the Kara plate "slid" during the entire early Paleozoic, finally led to the collision of the Kara and Siberian continents, and to the subsequent formation of the imbricate structure of the Taimyr-Severnaya Zemlya folded area, in accordance with the proposed model ( Figure 7 ). The growth of the orogen caused a tremendous source for terrigenous material, filling the foreland basins in the frontal part (Southern Taimyr). As the orogen developed and compression progressed, the deep strike-slips that caused the collision of continental masses transformed into thrusts [55] . The most important among them is the Main Taimyr thrust, which can be regarded as the main suture of the late Paleozoic orogen. In the front of the orogen, in the South Taimyr zone, there were many upthrow-thrusts forming in concordance with the compression. Their offset gradually disappeared towards the Siberian continent, which conditioned the formation of the significantly large South Taimyr foreland basin [2, 3, 5] .
As a result, a considerable amount of clastic material and coal bearing formations with a thickness of 500-1000 m were accumulated in the South Taimyr foreland basin during the entire middle Carboniferous and Permian in continental environments [2, 19, 21] . These deposits have been penetrated in the west of the Yenisei-Khatanga basin by the Volochan-1 and 2 wells (Figure 4 ) and their age has been determined as Late Wordian-Capitanian [18] . By the end of the Permian, the northern flank of the South Taimyr basin became displaced towards its axis to 150 km [1] , which confirms our proposed model ( Figure 7 ) and indicates that the strong horizontal compression in dextral strike-slip settings continued until, and including, the Triassic.
The similarity of the upper Paleozoic section of Southern Taimyr with the section of the northern part of the Siberian craton, with a great role of marine facies and with typical deposits thicknesses leads us to assume that both regions belonged to the same wide basin that deepened towards Taimyr and from the west to the east [2] . The South Taimyr foreland basin and its configuration became the prototype for the Yenisei-Khatanga basin. The latter is believed to have emplaced along with the West Siberian basin due to continental rifting at the Permian-Triassic boundary, which turned out to be coeval with the spectacular manifestations of the Siberian superplume (Figure 5i ) [56, 57] . The products of trap magmatism spread over a huge area on the territory of the Siberian craton, on Southern Taimyr, in Western Siberia, including the present-day arctic territories of the South Kara basin [21, [57] [58] [59] [60] [61] [62] [63] [64] [65] .
The position of rift structures in the basement of the Yenisei-Khatanga basin and in the Southern Taimyr zone is marked by intense linear magnetic and gravity anomalies (Figure 8 ). The axial graben of the Yenisei-Khatanga riftogenic structure was controlled by the east-north-east striking Malokhet-Rassokhin-Balakhnin fault system (Figure 2 ), whose strike-slip kinematics is related to the oblique collision formation mechanism of the Taimyr orogen formation mentioned above ( Figure 6 ). The Earth's crust thickness in the axial graben is reduced to 25-28 km, unlike 35-40 km on its flanks [19, 20, 53] . Considered together with similar structures of Western Siberia, this rift forms a kind of triple junction [66, 67] (Figure 5j ). Geophysical data indicate that the total thickness of effusive-sedimentary late Permian-Early Triassic series of the rifting stage reaches 2-3 km [53] . They have been penetrated by wells in the western part of the Yenisei-Khatanga basin on the Malaya Kheta, Dolgan, Sukho-Dudinka and Volochan areas [18] (Figure 4) .
In summary, the basement of the Yenisei-Khatanga basin is dominated by variously deformed complexes, mainly of continental margin and intracontinental origin, that have direct connections to the evolution of the late Paleozoic Taimyr-Severnaya Zemlya orogen. Only the overlapping Late Triassic and younger sedimentary deposits should be compared with the infilling stage of the Yenisei-Khatanga basin-a large rift depression that appeared first due to the collision between the Siberian craton and the Kara plate, and then the subsequent rifting, due to the activity of the Siberian superplume [57] , with simultaneous strike-slip motions that affected large areas [68] . 
Structure and Development History of the Yenisei-Khatanga Basin

Main Structural Elements
The views on the inner structure of the Yenisei-Khatanga basin are mainly based on seismic data, supported by well data, most of which were obtained in the ranges of the axial area of the basin. On Figures 9 and 10 are structural maps, on which isohypses show the base of the Jurassic deposits, the top of the Middle Jurassic, as well as swells and depressions of various scale.
In the flanks of the basin its monoclinal sedimentary section dips sharply towards the axial part ( Figure 10 ). The northern flank (the Taimyr monocline) is less steep (2 • -6 • ). This structure is complicated by the Taimyr and Yangoda-Gorbit basement highs. The southern flank (the North Siberian monocline) is narrow and steep (up to 8 • -15 • ) in the north-west and widens and flattens in the east. In its south-western part there is the small Agapa basement high. The width of the monoclines varies from 20 to 150 km. The reduced thicknesses of the Jurassic-Cretaceous deposits on the crest is only 2-3 km. The monoclines are connected to the central zone of the basin by a system of faults, which provide a stepwise subsidence of the basement surface towards the axial part of the basin [19] [20] [21] 53] .
In the central zone of the basin there is a combination of large contrasting positive and negative structures. The first noticeable one is the chain of three echelon-like basement ranges (Tanama-Malokhet, Rassokhin, Balakhnin) (Figures 2 and 10) . They cross the basin diagonally from the southern flank in the west to the northern one in the east. The Tanama-Malokhet range is 300 km long and 60-140 km wide, the Rassokhin range is 570 × 45-60 km and the Balakhnin range is 260 × 40-60 km. To the north and south of the chain of basement ranges the most subsided areas of the Yenisei-Khatanga basin are located. In the southern subsided part, several en-echelon depressions are located: Dolgan and Dudyptin depressions, the Boganid-Zhdanikhin trough, in the northern part-the Noskov depression and the Central Taimyr trough (Figure 10 ). The greatest depths of the base of Jurassic are observed in the Boganid-Zhdanikhin (8.5-10 km) and the Central Taimyr (7-7.5 km) trough.
Abrupt differences in depths (up to 5.5 km for the base of the Jurassic deposits) of the structural surfaces from the most depressed parts of the Yenisei-Khatanga basin to the roofs of the ranges undoubtedly indicate that the positive and negative structures are bordered by faults. The Tanama-Malokhet, Rassokhin and Balakhnin ranges form a system of large linear anticlines along the northern flank of the Malokhet-Rassokhin-Balakhnin fault [71] . In several cases, geophysical data indicate the thrusting of the ranges from north to south [72] . The fault is clearly reflected on the map of the gravitational field (Figure 8 ) by an intense positive anomaly (up to 70 mG) 10-50 km wide that can be traced for over 1500 km [69] . Deep seismic sounding indicates a tectonic step in the Moho discontinuity in the fault zone, reaching 4-7 km depending on estimates [24] . Figure 10 . A fragment of the structural-tectonic map of the oil and gas bearing provinces of the Siberian craton from Reference [73] with our alterations. 1-Yenisei-Khatanga basin; 2-basement ranges; 3-basement high/swell; 4-first order negative structures; 5-second order negative structures; 6-hydrocarbon fields; 7-prepared structures; 8-faults; 9-stratoisohpyses for the top of the Middle Jurassic.
The consistent subsidence of the Yenisei-Khatanga basin during the Triassic and the Jurassic changed to an abrupt structural transformation at the Jurassic-Cretaceous boundary [17] . During this time there was an intensive growth of the Malokhet-Messoyakh range that had been developing in the Triassic-Jurassic, the Rassokhin range, that was formed in the Middle-Late Jurassic, and the newly formed Balakhnin range. Due to the intense growth of the range chain, the adjacent troughs structures also developed. Due to the intense uplift along the roofs of the ranges, some of the deposits were eroded. In this area, different levels of the Upper Jurassic-Valanginian deposits were eroded, and on some fields, the washing out also affected the Middle Jurassic deposits. The Upper Jurassic and Lower Cretaceous deposits were accumulated with reduced thicknesses [21, 71, 74] .
To determine the reasons for the tectonic forces and the formation of the inverted structure of the basin in the Late Jurassic-Early Cretaceous, one must consider the tectonic events that took place at the same time on the adjacent territories. Regarding time, this transformation can be correlated with the late Cimmerian deformations in the Verkhoyansk fold-and-thrust belt. It is precisely in the Late Jurassic that the Kolyma-Omolon microcontinent collided with the margin of the Siberian craton [3] . This compressional deformation from the south-east affected the Yenisei-Khatanga basin, especially its eastern part, where they led to a partial inversion and the formation of a system of elongated ranges [6] . The intense compression from the east also manifested in deformations of the Jurassic deposits of Cape Tsvetkov on the Taimyr Peninsula, which in recent years has been progressively considered a result of the late Cimmerian Verkhoyansk folding [69, 75] .
Thus, the combination of large rift-related extension in the north-east of the region with compression strain in the south-east led to the transformation of the Yenisei-Khatanga basin's structure in the Late Jurassic-Early Cretaceous time. Beginning with the Late Cretaceous, due to the levelling of the Taimyr Mountains, various uplifts on the Siberian craton became the main sources of material for the Yenisei-Khatanga basin. In the Paleogene-Neogene there was a general uplift of the Siberian craton, Taimyr, the Kara plate, and the Yenisei-Khatanga basin [6] . An erosion region formed here, from which material was transported in the sedimentation basins of the Kara and Laptev seas. During this time, weak inversion motions took place in the axial zone of the Yenisei-Khatanga basin (the Rassokhin and Balakhnin ranges), as well as active growth of salt domes near Khatanga bay [53] . All these tectonic processes on the shelf and the continental margin reflected the largest event of this stage-the opening of the Eurasian basin and the appearance of the Arctic mid-oceanic ridge-Gakkel Ridge.
Sedimentary Infill of the Basin and Sedimentation History
The base of the sedimentary infill of the Yenisei-Khatanga basin is formed by Triassic deposits (Figure 11 ). In the western part of the basin the terrigenous Middle-Late Triassic Tampey Group (Series) is determined [76] . Its sections have been penetrated on the Zimnii, Gol'chikha, Vladimir, and Nizhnyaya Kheta fields, and some others (Figure 4 ). The base of the Tampey Group is associated with the "A" reflector ( Figures 11 and 12) , and the top of the Group-with the "Ia (III)" reflector [77] [78] [79] . The Lower-Middle Triassic lagoonal, deltaic, shore-, shallow-, and deep-marine conglomerates, sandstones, siltstones and mudstones of the Pronchishev, Angardam, and Tuorakhayata groups are concentrated in the eastern part of the basin [80] . The thickest Triassic deposits are predicted in the eastern part of the basin. Here, on the Vladimir field, a 1380 m section of Triassic deposits has been penetrated [81] .
Jurassic deposits within the Yenisei-Khatanga basin have a complete stratigraphic succession and occur everywhere. Their thickness decreases, and the lower horizons wedge out in the flank areas of the basin, as well as in individual large uplifts of its inner part.
The Lower-Middle Jurassic deposits are divided into nine formations (Figures 11 and 13 ). Their cyclic alternation reflects eustatic variations of the sea level in the sedimentation basin [82] . Those formations that accumulated during marine transgressions (Levin, Kiterbyut, Laidin, and Leontiev formations) are composed mainly of mudstones, sometimes bituminous mudstones with marine fauna. They form clearly traceable reflectors on seismic profiles: The "T" group ("Tlv", "Tkt", "Tld", "Tln") ( Figures 11 and 12) . The formations composed mainly of sandstones and mudstones (Zimnii, Sharapov, Nadoyakh, Vym, and Malyshev formations) accumulated in shallow-marine settings in stages of regression. Close to the paleo-coasts, their composition includes interbeds and lenses of coals and pebble conglomerates. The thickness of the Lower-Middle Jurassic deposits can reach 4500 m [81] .
In Callovian-Lower Berriasian times, the transgression reached its peak. During this stage, mudstones, bituminous mudstones with siltstones and sandstones interlayers of the Gol'chikha Formation with a thickness of up to 950 m were accumulating in the basin (Figure 11 ). In the south-west of the basin the Upper Jurassic deposits reach 1000 m in thickness and have a three-part structure.
The middle part is taken by the sandstones and siltstones of the Sigovoe Formation (Oxfordian-Kimmeridgian), which are overlapped by the Tochino Formation (Callovian) mudstones and themselves overlay the Yanov Stan Formation (Upper Kimmeridgian-Lower Berriasian) mudstones [82] . The top of the Yanov Stan formation corresponds to the "IIa" reflector ( Figures 11 and 12) , the top of the Gol'chikha Formation-to the "B" reflector, the Tochino Formation-to the "Ttc" reflector [81, 83] . In some individual large uplifts in the Yenisei-Khatanga basin, the deposits of the upper and partially the Middle Jurassic are eroded. Figure 11 . Lithostratigraphic scale of the Yenisei-Khatanga basin's sedimentary fill. 1-heterogeneous basement (Pz-T 1 ); 2-mudstone and clay; 3-interbedding of mudstone, sandstone, and siltstone; 4-mostly sandstone and siltstone with interbeds of mudstone and clays; 5-conglomerate, pebble; 6-scouring and lack of deposits; 7-formations: 1 -Levin, 2 -Kyterbyut, 3 -Laidin, 4 -Leontiev, Figure 12 . Stratified common depth point seismic section along the regional 1-1 line [81] . 1-seismic reflectors (their stratigraphic correlation is shown in Figure 11 ); 2-formations: gl-Gol'chikha, nh-Nizhnyaya Kheta, sh-Sukho Dudinka, mh-Malaya Kheta, jk-Yakovlev, dl-Dolgan, dr-Dorozhkovo, T 2-3 tm -Tampey; 3-seismic section line; 4-hydrocarbon fields; 5-well. The location of the line is shown in Figure 2 . Figure 4 . 1-sandstone, 2-silty sandstone, 3-interbedding of sandstone and siltstone, 4-sandy siltstone, 5-siltstone, 6-sandy-clayey siltstone, 7-clayey siltstone, 8-silty mudstone and clayey siltstone, 9-silty mudstone, 10-mudstones, 11-coal bearing rocks; 12-piece of the lithological column: a-section intervals built using core material and well log data, b-section intervals built using well log data; 13-hiatuses; 14-facies changes; 15-18-boundaries: 15-formations, 16-subformations, 17-cyclically structured layers, 18-layers; 19-21-biostratigraphic determinations of age: 19-ammonites, 20-bivalves, 21-foraminifera. NGL-neutron gamma-ray logging, GL-gamma-ray logging, SP-self-potential logging, RL-resistivity logging.
Cretaceous deposits are also located in the entire area of the Yenisei-Khatanga basin. Seismic data indicate that their thickness exceeds 3000 m with maximum thicknesses observed in the western part of the basin and gradually decrease to the east.
On seismic sections in the western part of the Yenisei-Khatanga basin the Berriassian-Hauterivian deposits (Nizhnyaya Kheta, Sukho Dudinka formations and their stratigraphic analogues) have a clinoform structure (Figures 11 and 12) [81, 84] . The Nizhnyaya Kheta Formation (Berriassian-Lower Valanginian) is mainly composed of mudstones with beds of sandstones in the base and the top. Its thickness can reach 600-1360 m [74] . The top of the formation corresponds to the "Id" reflector. The Sukho Dudinka Formation (upper Valanginian-lower Hauterivian, thickness: 200-800 m) is composed of sandstones and mudstones with siltstones interbeds in the lower and upper part. The middle of the formation is dominated by mudstones with sandstones interbeds. Its lower part corresponds to the "Ig" reflector, its top is correlated with the "Iv" reflector [84] . The clinoform complex itself is framed on the seismic sections by reflectors "IIa" in the top of the Yanov Stan Formation and "Ig 1 " within the Sukho Dudinka Formation. Its inner structure is underlined by reflectors "Ig", "Id", and "Id 1-18 ". The occurrence area of the clinoform complex exceeds 74,000 km 2 . In total, 18 clinoforms can be identified on the CDPM sections. The clinoforms dip to the north-west and become younger in the same direction ( Figure 12 ). Reflectors are generated by mudstone layers that formed during brief transgressions. The spatial distribution of the clinoforms reflects the asymmetry of the sedimentary basin, whose northern part was more intensely subsided. The main input of terrigenous material in this sedimentation basin was from the south and the south-east from the uplifted dry land of the Siberian craton. Discharge of material from the Taimyr-Severnaya Zemlya orogen was significantly less, and along its margin one poorly defined clinoform is developed, directed in the opposite direction. On the left bank of the Yenisei River, the thickness of individual clinoforms exceeds 450 m. Their slope angles can vary from 1-2 to 4-6 degrees. Along paleo-slopes, gravity flows transported clastic material into the deep-water part of the basin forming deep-water turbidite fans and mass-transport derived sediment bodies. Towards the east-north-east the amount of clinoforms decreases, they become less steep, and the reflector pattern becomes more chaotic. To the east of the 90 degrees meridian, the clinoforms disappear from the seismic sections. Sedimentation took place here in conditions of more active input of terrigenous material into the sedimentary basin, which is reflected in increasing thicknesses of the Berriassian-Hauterivian deposits and in their increasing lithological homogeneity [84] .
The Lower Cretaceous section is overlain by the Malaya Kheta Formation (Upper Hauterivian-Lower Aptian, thickness: 100-500 m) composed of sandstones with rare interbeds of siltstones, mudstones, conglomerates and coals [74] . The deposits formed in alluvial plain, near-shore, and coastal flood plain environments. The upper part of the formation corresponds to the "Ib" reflector (Figures 11 and 12) . It is conformably overlain by the Yakovlev Formation (thickness: 150-580 m) composed of mudstones and siltstones with interbeds of sandstones and coals. The age of the formation is between the Middle Aptian and the Middle Albian. The coal-mudstones layers of the lower part of the formation are correlated with the "M" and "M 1 " reflectors. From the end of the Albian to the Cenomanian the sandstones, siltstones, and mudstones of the Dolgan Formation (thickness: 160-780 m) accumulated in shallow-nearshore and lagoonal-continental environment. The Early Turonian marine transgression was the time of accumulation of the Dorozhkovo Formation (thickness: 40-130 m) mudstones with siltstones and sometime sandstones interbeds. The top of the mudstones corresponds to the "G" reflector (Figures 11 and 12) .
During the Middle Turonian-Maastrichtian the Yenisei-Khatanga basin continued to experience a steady, compensated subsidence. The sedimentation environment alternated between shallow-marine, shore-marine and continental environments. In the Middle Turonian-Santonian, the Nasonov Formation (thickness: 300-600 m) accumulated. It is composed of rhythmically alternating mudstones, siltstones, and sandstones layers with phosphorite horizons at the base of the layers. The Nasonov Formation is overlain by the Salpadin Formation (Campanian, 170 m thick), which is composed mainly of clays, opoka-like clays, argillaceous siltstones with rare interbeds of fine-grained sands that accumulated in shallow-marine conditions. The base of the formation is marked by a phosphorite horizon. The lower part of the formation has iron ore peas and oolites. The Cretaceous section ends with the Tanam Formation (Maastrichtian, up to 140 m thick) composed of sands and silts with interbeds of silty clays and a phosphorite horizon at the base [74] .
The Upper Turonian-Maastrichtian deposits, as well as the Paleogene-Neogene formation are eroded for a significant part of the basin [74] . Only the Ketpar Formation was preserved (Danian, thickness up to 300 m), composed of sands and silts with clay interbeds. In the lower part of the formation there are gravels with clasts of bauxites.
In the Pleistocene the territory of the Yenisei-Khatanga basin was periodically occupied by marine transgressions. Regressions were accompanied by increased glacial activity. As a result, a cover of Quaternary deposits formed with thicknesses of 250-300 m. They are composed of marine clays and sands, moraine diamictons, fluvio-glacial and alluvial sands and pebblestones, lacustrine-glacier sands, silts and clays, subaerial clay loams. They overlie the washed-out surface of the Cretaceous, sometimes Jurassic and Paleogenic deposits.
Petroleum Geology
Discovered Hydrocarbon Fields
In the Yenisei-Khatanga basin 21 gas, gas condensate and oil fields have been discovered (Figure 4) . The most oil perspective is the western part of the basin that is intensively studied by seismic surveys and drilling. Nearly all known fields are concentrated here. In the eastern part, only the Balakhnin and Novoye fields are located.
They are mainly multiplay fields ( Figure 14) . The depth of productive reservoirs varies from 750 to 3550 m. Mainly, the reservoirs belong to the Lower Cretaceous plays. Along with roof pools; there can often be lithologically and tectonically screened reservoirs.
The preservation of hydrocarbons accumulations in the plays was affected by widespread tectonic motions in the Yenisei-Khatanga basin in the Late Jurassic-Early Cretaceous and at the neotectonic stage. Tectonic motions favored the growth of swells and a general uplift of the territory, which caused the erosion of deposits, the local destruction of the seals, and the development of faults. This led to the migration of hydrocarbons to the upper stratigraphic levels, a significant seepage into the atmosphere and a decrease of the total quantity of hydrocarbon resources [17] . A favorable factor for the preservation of the hydrocarbons became the formation of the 700 m thick permafrost zone at the latest stage, which constitutes an additional seal. The second consequence of the appearance of the permafrost rocks was the formation of gas-hydrate accumulations.
Estimated Hydrocarbon Resources
The estimated mean volumes of undiscovered resources for the Yenisei-Khatanga Basin Province are approximately 25 billion boe: 5.6 billion barrels of crude oil, 100 trillion cubic feet of natural gas, and 2.7 billion barrels of natural gas liquids [85, 86] . The total initial resources of hydrocarbons in the Jurassic-Cretaceous infill of the Yenisei-Khatanga basin for early 2009 were estimated [87] as 84.6'billion boe: gas-88%, oil-7%, condensate-5%. The Lower Cretaceous clinoform deposits can contain: Gas-134 trillion cubic feet, oil-12 billion boe (2.4 billion boe recoverable), condensate-2.7 billion boe (1.35'billion boe recoverable) [81] . Hydrocarbon resources in the basement of the basin and the Triassic deposits have not yet been estimated.
Hydrocarbon Systems and Plays
Source Rocks
Geochemical data only allow us to say that the hydrocarbons that formed in the basement of the basin did not migrate into the Mesozoic-Cenozoic sedimentary infill. Moreover, the oil and gas potential of the pre-middle Carboniferous complexes was already depleted by the time the Yenisei-Khatanga basin was formed [17] .
The Triassic mudstones with thicknesses from tens to hundreds of meters could also have oil generation properties. According to various sources the organic carbon (C org ) concentrations here vary from 0.1-0.4 to 2-3% [74, 80] . These marine sediments contain significant amounts of Type-II Organic Matter (OM).
The main oil and gas generating deposits of the Yenisei-Khatanga basin are the mudstones of the Jurassic and the Lower Cretaceous (Figure 11 ). Among them, there are no identified deposits distinguished by elevated contents of OM. The rocks contain OM of mixed type (Type-III and Type-II). The OM accumulated both in diffuse and concentrated (coals) form [17, 88] . In general, the Jurassic-Cretaceous deposits section is weakly differentiated in terms of C org content. The Middle Jurassic-Barremian mudstones have C org concentrations of 0.34-1.6% [17, 74] , and in some cases 3% [88] . The Jurassic-Lower Cretaceous deposits are usually considered as gas generating [17] . However, some levels in the Yanov Stan, Gol'chikha, Malyshevka, and Nizhnyaya Kheta formations could have been oil generating [88] . Gases actively migrated from the deep parts of the basin in the upper horizons, and the oils accumulated mostly in the generating complex.
Plays and Seals
The Triassic complex. The oil and gas potential of the Triassic deposits of the Yenisei-Khatanga basin is scarcely studied. The structure of the Triassic section in the central and eastern parts of the basin allow a tentative identification of three to four sandy-silty plays with thicknesses of up to 300 m (Figure 11 ), overlapped by seals composed of marine mudstones with thicknesses ranging from 30 to 250 m. The porosity of the sandstones varies from 2% to 28%, the permeability from 0 to 138 mD [80] . Borehole sampling of the sandy layers of the Tampey Group yielded reservoir water with a flow rate of 38.4 m 3 /day [81] . Possible perspectives of the Triassic complex are indicated by oil and gas seepage within the Anabar-Khatanga saddle [89] .
The Jurassic complex. The Jurassic deposits of the Yenisei-Khatanga basin show an alternating pattern of mainly sandy-silty and mudstone formations forming plays and seals. Reservoir rocks have been identified in the Zimnii, Sharapov, Nadoyakh, Vym, Malyshev and Sigovoye formations ( Figure 14 , Table 1 ). Mudstones of the Levin, Kiterbyut, Laidin, Leontiev, Gol'chikha, Tochino, and Yanov Stan formations are seals ( Figure 11 , Table 1 ). The plays are wedging-out near the margins of the basin, and in the upper parts of the ranges, and are mudded-off in the eastern part of the basin. Figure 14) .
The Cretaceous complex. The Cretaceous deposits are the main oil and gas bearing complex of the Yenisei-Khatanga basin. Just the Lower Cretaceous deposits include up to 90% of the known reserves of hydrocarbons. In the Cretaceous section, the Nizhnyaya Kheta, Sukho Dudinka, Malaya Kheta, lower Yakovlev, upper Yakovlev-Dolgan, and Nasonov plays are defined ( Figure 11 , Table 1 ). These are mostly stacked reservoirs with gas, gas condensate and condensate with rims [17, 74, 81, 84, 87] . The seals are represented by mudstones of the Dorozhkovo (40-130 m), Yakovlev (two layers with a thickness of tens of meters), and Salpadin (60-170 m) formations. In the Berriasian-Hauterivian section the regional and zonal seals are formed by argillaceous layers with thicknesses of the first tens of meters that accumulated in periods of regional transgressions and high sea levels. Among them the most widespread is the Pelyatin layer with a thickness of 50-140 m. Additional sealing of the sandy strata in the Nizhnyaya Kheta-Sukho Dudinka play is provided by argillaceous layers formed in distal and slope parts of clinoforms [17, 74, 81, 84] . Figure 14 . Geological section across the South Solenin and Messoyakh fields from Reference [90] with our alterations. 1-mudstone and clay; 2-sandstone and sand; 3-Quaternary sand, clay, pebble; 4-gas deposit, 5-gas condensate deposit; 6-coal; 7-hydrates formation zone; 8-stratigraphic boundaries: a-revealed, b-inferred; 9-unconformities; 10-boundaries of hydrates formation zone; 11-permafrost floor; 12-formations: 1 -Tochino, Sigovoe, Yanov Stan, 2 -Nizhnyaya Kheta, 250-500 av. 14 ≤15
Gas play on the Kazantsev deposit (partially in gas-hydrate state)
Note: h-thickness, Φ-effective porosity, k-permeability.
Conclusions
Studies of the structure and tectonic evolution of the north-western margin of the Siberian craton and the arctic structures adjacent to the Kara Sea and the West-Siberian plate indicate that the basement of the Yenisei-Khatanga basin, the basin itself and the rift that generated it were all formed within the Siberian craton. This review presents our opinion on the geodynamic evolution of the north-western (Arctic) margin of the Siberian craton from the Precambrian-Paleozoic and Mesozoic folded structures that formed due to accretion and collisional processes to the formation of the rift-related late Paleozoic-Cenozoic Yenisei-Khatanga sedimentary basin. Geological, geophysical, paleomagnetic and petro-geochemical data obtained in recent years conclusively confirm the sequence of tectonic events previously proposed [5, 44] . Moreover, new paleomagnetic data allowed us to create more accurate paleogeodynamic reconstructions for the Siberian craton, the Kara microcontinent and their interactions in the Paleozoic and Mesozoic [25, 27, 28] . We were also able to show that the predecessor of the Yenisei-Khatanga was a wide late Paleozoic basin that occupied the space between Southern Taimyr and the Siberian craton and deepened towards Taimyr. The formation of the Yenisei-Khatanga basin itself, like the formation of the West-Siberian basin, is related to continental rifting at the Permian-Triassic boundary. The formation of inversion structures in the basin in the Late Jurassic-Early Cretaceous [75] remain debatable. The time of this inversion can be correlated with late Cimmerian deformations in the Verkhoyansk fold belt [3] . This compression deformation affected the Jurassic deposits on Cape Tsvetkov on the Taimyr Peninsula [69, 75] , as well as the Yenisei-Khatanga basin, especially in its eastern part, where it led to partial inversion and the formation of a system of elongated ranges [6, 72] .
The Yenisei-Khatanga petroleum bearing area is a part of the West-Siberian petroleum province. The sedimentary cover is also represented by mostly sandy-silty Mesozoic deposits. The main oil and gas potential of the region are related to the Lower Cretaceous clinoform complex and the Jurassic deposits. The Mesozoic deposits of the region contain a huge amount of dispersed organic matter and have favorable conditions for catagenic maturation, mostly for gas generation. The productive part of the section of the sedimentary infill is significantly mudded-off and characterized by significant areal changes in composition. Most of the area has seals with high sealing properties. Only in areas where they partially or completely wedge-out due to stratigraphic breaks their sealing properties become decreased or are low.
